INTRODUCTION
Coating technology is used in a variety of applications, for example to improve the wear properties or to improve the bonding properties of a surface. The properties of such surfaces depend on the mechanical properties ofthe coating, namely its Young's modulus and its thickness. Tobe able to predict the performance of such coatings it is necessary to be able to measure these properties in a nondestructive way. Conventional ultrasound is one nondestructive method that has been used for coating measurement [l ] . It has the disadvantage of needing a transducer to be placed in direct contact with the material surface, often with the use of a couplant. This is sometimes inconvenient and risks contaminating the surface. Laser ultrasound offers a complete noncontact technique that prevents any surface contamination. lt also offers scanning possibilities and Iaser sensor systems can possess very broad frequency bandwidths [2, 3] .
THE TECHNIQUE
A schematic diagram of the technique is shown in Figure I . A short duration Iaser pulse focused to a line on the sample surface produced rapid heating of the sample at that point and the resultant thermal expansion caused ultrasonic waves to be propagated from this point along the surface of the sample and into the bulk. Of interest in this paper were the Rayleigh waves that travel along the surface. These were pulses with a broadband frequency content, with the upper frequency Iimit determined by the temporal profile of the Iaser pulse and the spatial width ofthe line source. The penetration ofthe Rayleigh waves into the sample was frequency dependant falling off exponentially, with almost all the energy contained within a depth less than a few wavelengths. High ultrasonic frequencies with short wavelengths penetrated the coating and a small way into the substrate whereas lower frequeneies with Ionger wavelengths penetrated deep into the substrate. Veloeities ofhigher frequeney eomponents therefore tended towards the speed of so und in the eoating whereas veloeities of lower frequeney eomponents tended towards the speed of sound in the substrate. This led to a veloeity dispersion which was dependant on both the thiekness and Young's modulus ofthe eoating. Analysis of dispersion eurves measured using this non-eontaet teehnique gives a possible method for eoating analysis [ 4, 5, 6] .
OPTICAL DETECTION OF ULTRASOUND
Optieal deteetion of the ultrasound was by means of a eonfoeal Fabry-Perot interferometer (CFPI) [7, 8, 9] . This eonsisted oftwo spherieal mirrors of equal radius of eurvature separated by a distanee equal to their radius of eurvature. Ineident light entering the eavity underwent four sueeessive refleetions before retraeing its path within the eavity. Sinee both mirrors were partial mirrors, four types oflight rays left the interferometer eavity. These were types I to 4 as shown in Figure 2 . In normal operation the ineident light was along the axis ofthe interferometer and types 1 and 2 rays beeame indistinguishable and formed what is ealled the Iransmission mode. Similarly types 3 and 4 rays formed a refleetion mode. If the ineident light into the interferometer was refleeted from a surfaee that had been perturbed by an uhrasonie wave then the frequeney of this light would be Doppler shifted by the moving surfaee. The transfer funetion ofthe interferometerwas sensitive to optieal frequeney and therefore the interferometer demodulated the Doppler shift in frequeney to an intensity ehange whieh was deteeted using silieon photodiodes.
The interferometer used had a eavity length of SOem and mirrors of 94% refleetivity. To veri:ty the predieted response to uhrasonie frequeneies an eleetro-optie modulator was used to simulate the frequeney shift eaused by an ultrasonie signal. The eleetro-optie modulatorwas exeited with a sinusoidal valtage from a signal generator, amplified with a radio-frequeney power amplifier. This a.e. signal was used to measure the amplitude and phase response ofthe interferometerbothin refleetion and Iransmission modes over a range offrequeneies. It was then neeessary to deeonvolve from this the response ofthe deteetors, amplifiers and the eleetro-optic modulator itself. Measured frequeney responses Iogether with the theoretieal predietions are shown in Figure 3 . Good agreement was observed between theory and experimental data. The response ofboth the transmission and reflection modes falls offat low frequencies, making the CFPI system insensitive to ambient vibrations. At higher frequencies the response ofthe transmissionmodealso falls offwhereas the reflection mode has a higher and flat response between 20 and I30MHz. This feature made it a suitable scheme for high requency measurement.
OPTICAL GENERATION OF ULTRASOUND
Optical generation was achieved using a Q-switched Nd: Y AG Iaser with a pulse duration of approximately IOns. The beam was focused to a line source on the sample surface using a cylindricallens of 60mm focallength. The dimensions of this were I2mm by lOOJ.lm. Attenuation was used in the beam path to produce thermoelastic generation. The whole generation optics were mounted on a translation table to allow the generation line to be scanned laterally away from the detection point.
ULTRASONIC MEASUREMENTS
The experimental arrangement used for ultrasonic measurements is shown in Figure 4 . A single mode argon-ion continuous-wave Iaser of lOOmW was focused onto the sample surface using a Jens of I Smm focallength. Scattered light from the sample surface was collimated into the interferometer. The reflection mode signal was measured on a Hamamatsu avalanche photodiode module (CS331-ll) and stored on a digital oscilloscope (TDSS40). The signal in transmission was used to stabilise the cavity separation so as to compensate for optical frequency drift and thermal expansion. Figure 5 shows two ultrasonic waveforms captured on a 0.85mm thick steel sample with an 8J.1m aluminium oxide layer on the surface. The first waveform was captured with a source to detector distance of approximately 25mm, the second waveform was captured a further 1 Omm from the source.
The uhrasonie displacement at any position u(x,t) can be considered as the sum of many individual frequency components travelling with their own phase velocity v(f). To calculate these, the signals were transformed to the frequency domain. Figure 6 shows the magnitudes ofthe fast Fourier transforms oftwo uhrasonies signals on the same sample. The first point of interest was that above 20MHz the signal-to-noise ratio was poor. Additionally for Rayleigh waves the thickness ofthe substrate should correspond to a thickness of several wavelengths in order that it can be considered a semi-infinite media. The sample thickness was 0.85mm and equating this to three wavelengths for ultrasonic waves travelling at approximately 3000m/s gave a low frequency Iimit of lOMHz. For lower frequencies, ultrasonic waves can be considered as guided and this guided wave motion can be seen in the FFT below 1 OMHz. The region of interest was therefore between lOMHz and 20MHz.
The phase velocity as a function offrequency is given by the Equation 1 [4] (1)
where <I> is the phase of the waveforms as a function of position x and frequency f The phase for each value of x can be calculated from the FFT at that position using Equation 2 (2) and Equation 3 (3) ImFFT and ReFFT corresponded to the real and imaginary parts ofthe FFT ofthe uhrasonie displacement U.
Calculating the phase in such a manner was not as Straightforward as first expected since the inverse tangent function will only yield results between -1t and +1t. Phase unwrapping was used to obtain a continuous change in phase as a function of frequency. The routine used was part of an analysis program developed using Lab Windows analysis software. Figure 7 shows the continuous phase as a function of frequency for the waveforms captured at two positions and the difference between them used to calculate the phase velocity. The calculated phase velocity is shown in Figure 8 . To verifY the technique results were compared with measurements taken on the same samples at the Fraunhofer Institute for Materials Physics and Surface Engineering in Dresden, Germany using a PVDF transducer in contact with the sample surface. These measurements arealso shown in Figure 8 .
Agreement between the two is good although the signal-to-noise ratio of time domain signals for the Iaser detection system is poorer than for the contact system.
CONCLUSION
In conclusion, a system has been presented that will measure ultrasonic surface waves on coated materials in a noncontact manner. The system used a confocal FabryPerot interferometer that was demonstrated as having a wide uhrasonie frequency bandwidth with a flat region between 20MHz and l30MHz. In initial surface wave Fr9Q.J811CY /MHz Figure 8 . Phasevelocity as a function of frequency measured using the CFPI system compared with similar measurements using a contacting PVDF transducer. studies, measured ultrasonic signals were limited to a high frequency cut off at 20MHz. Factors that can affect the frequency response ofthe whole detection system included the detector spot size, amplifier frequency response and the finite width ofthe Iaser-generated line source. The limiting factor in our experiments was probably due to scattering and attenuation of the high frequencies within the sample. A dispersion curve obtained from a steel sample with a 81-1m aluminum oxide coating agreed weil with measurements taken using a contacting PVDF transducer. Signal to noise ratios were poorer for the optical system and this is an area offurther investigation.
